groups could correctly discriminate the reinforced elements (A+, B+) from group. Bees rewarded with GLY during the negative patterning 2 4 6 discrimination assay had an overall lower acquisition than non-exposed bees learning abilities of hive-reared bees. before and after the artificial feeder contained sucrose solution with GLY.
5 5
We started by analysing the cycle time (min) and visit frequency visiting and collecting at the artificial feeder at a constant rate regardless of Having established that foragers return to the hive and complete 2 6 2 foraging cycles in the same manner even when GLY is present at the food 2 6 3 source, we then focused on the transfer of information that occurs inside the hive. Dance probability did not differ before or after GLY exposure 2 6 5 (Wilcoxon matched pairs test; dance probability: Z=0. 944, N=9, p=0.345, 2 6 6 Fig . 4C ).Thus, we assayed the dance event in itself. We found no change in 2 6 7 the mean number of waggle-runs per hive when GLY was added to the food We set out to evaluate the effects of chronic and acute exposures to field-2 7 6 realistic doses of glyphosate (GLY), the main herbicide currently used for 2 7 7
weed control in agriculture, on the behaviour of the honeybee Apis mellifera.
7 8
Our results show that both chronic and acute exposure to GLY traces produce 2 7 9 sensory sensitivity and cognitive deficits on adult honeybees of the worker 1988; Feng et al., 1990; Giesy et al., 2000) , and were shown to be sub-lethal learning. This impairment cannot be explained by deterioration of the general food uptake and locomotive activity did not differ between experimental 2 9 0 groups. Furthermore, acute exposure to GLY significantly decreased short- term memory retention and negatively affected non-elemental associative 2 9 2 learning at foraging ages. Nevertheless, an acute exposure to GLY in a 2 9 3 foraging context did not have a detrimental effect on foraging activity and 2 9 4 dancing behaviour. Altogether, these results imply that GLY at concentrations that can be found in nature as a result of standard spraying reduce sensitivity to nectar reward and also impair associative learning in honeybees. Since no effect on foraging activity was found, successful forager 2 9 8
The Journal of Experimental Biology -ACCEPTED AUTHOR MANUSCRIPT bees can become a source of inflow of nectar with GLY traces into the hive, 2 9 9 which in turn could have long-term negative consequences on colony life. An exposure to GLY during this period caused both a lower sensitivity to 3 0 4 reward and a reduction in the dynamics of acquisition without an effect on 3 0 5 memory retention, compared with non-exposed bees. One plausible 3 0 6 explanation for these results is that a prolonged exposure to GLY promotes 3 0 7
an increase in sugar response thresholds and that this is expressed by a lower that all bees, independently of whether they had been exposed to GLY and of 3 1 7 the GLY concentration to which they were exposed, had a similar general 3 1 8 state at 15 days of age. In what respects to the acute exposure of adult bees to the herbicide,
we also showed that honeybees present a diminished capacity to associate an 3 2 1 odour to a reward through elemental associative learning, as was observed through an exposure to a low GLY concentration (2.5 mg/L). Furthermore, reward association, but also on retention of olfactory memory. This can be that contained sub-lethal concentrations of GLY. Moreover, we found a 3 2 7 similar deficit when we exposed bees to GLY during a non-elemental 3 2 8 associative learning protocol that requires a more complex cognitive process. Even though the response towards the unrewarded mix of odours (AB-) did 3 3 0 not decay along conditioning as was expected (Giurfa, 2003) , the differences between PER values towards rewarded and unrewarded stimuli along the 3 3 2 learning process were increasingly higher for untreated bees. Consequently, a presence of the herbicide in the reward. Overall, these results suggest that an acute exposure to GLY affects the nervous system of bees either by acting on hindering the association between the unconditioned and the conditioned 3 3 8 stimulus. In both cases, individuals exposed to this herbicide would need 3 3 9 more learning events in order to reach response levels similar to those not honeybees did not interrupt foraging activity nor were they impeded from locomotive activity after a prolonged exposure to GLY. The constant inflow of GLY into the hive means that the 3 5 7 agrochemical would accumulate in the hive's stores which would then be fed to larvae and young bees and used as sustenance for the whole colony during 3 5 9 the winter. In this sense, a recent study found no effects of GLY on brood 3 6 0 survival, development, and mean pupal weight in a realistic exposure scenario (Thompson et al. 2014) . In this study, honeybee colonies were 3 6 2 exposed to the herbicide when the glasshouse where the colonies were settle 3 6 3 was sprayed with GLY (i.e., higher glyphosate doses than in the present study hive may perform tasks with diminished cognitive capacities, as we showed 3 6 7 in this study. Therefore, it is likely that activities that require a decision 3 6 8 making process based on information previously acquired through learning 3 6 9 and memory, such as which nectar to process (Goyret and Farina, 2005) , survival of these colonies.
7 5
Our results have shown that the presence of sub-lethal concentrations
of GLY in this context has the following consequences: i) a lower sensitivity 3 7 7 to reward, ii) the formation of weak associative memories that can be 3 7 8 extinguished rapidly and iii) a difficulty to establish non-elemental 3 7 9
associations. These difficulties to establish associative memories would in periods of time (Kirchner et al., 1988) .
Bearing in mind the results we found regarding the effects of GLY on this agrochemical. This is the first study on the sub-lethal effects of an
herbicide on honeybee behaviour and we hope it contributes to understanding 3 9 1 how honeybee hives situated in agricultural environments are affected by would honeybees exposed to sub-lethal doses of GLY be affected by worker caste were reared either in the laboratory or in hives from our apiary To study the effect of prolonged exposures to GLY we worked with see-through acrylic walls and had a lateral opening so that bees could forage at the artificial feeder and removed from the experiment. To study the effect of prolonged exposures to GLY we evaluated survival and were quantified for all the laboratory-reared groups exposed to different GLY between harnessing and conditioning protocol was also measured. Then, we used an adapted protocol to record the locomotive and taken from the cage and introduced into a darkened circular arena that had a on plastic holders that restrained body movement but allowed free movement 4 7 6 of antennae and mouthparts (Page et al., 1998) . After awakening, bees were 4 7 7 offered water to drink and housed in an incubator (30ºC, 55% RH and 4 7 8 darkness) for at least 1 hour before the protocol was carried out. In order to 4 7 9 measure sensitivity to reward, the antennae of test bees were stimulated with given time, but averaged 3 min. At the end of the procedure, a GRS was concentrations to which the bees responded (which correlates with the SRT 4 9 6 since bees normally respond to all concentrations above their threshold). The of water were excluded from analyses as they appeared not to be able to 5 0 8 discriminate between sucrose solution and water. of bees through a tube (1 cm diameter) placed 2 cm in front of the bee, using (4 µl a pure odorant, linalool, on 30 x 9 x 3 mm) and placed inside a syringe 5 1 9 located in the electronic device to add the odour to the airflow when required.
The volatile was delivered through a secondary air-stream (6.25 ml/s) towards the trained odour (%PER) was quantified over the course of three 5 3 0 acquisition trials. We presented the conditioned stimulus LIO for 6s and each To study the effect of acute exposure to GLY we evaluated learning abilities behaviours were tested in free-flying bees that collected at an artificial feeder. litre of 1.8 M sucrose solution and were presented on the proboscis.
4 7
Extinction of the conditioned response was evaluated by quantifying PER to Steinheim, Germany).We only report analyses of the pooled data. The experimental setup and reward times were as described previously. In this case, during periods of odorant delivery, the airflow was shunted through a 5 6 7 syringe containing the odorant. In that way, a single odorant or a compound 5 6 8 of two odorants could be delivered to the bee. In the latter case, the valves 5 6 9 corresponding to two different syringes were opened simultaneously so the were again tested for PER. If an animal did not respond, it was discarded 5 7 5 (<10%). All bees received a total of 16 training trials, four A+ trials, four B+ from videotapes and quantified using a self-written event-recording program.
8 6
Five variables were evaluated for each bee:
(1) Cycle Time (min) taken by a forager to arrive to the feeder, collect, (2) Visit Frequency (feeding cycles/hour) calculated as the inverse of the 5 9 2 cycle time. which a dancing event was recorded, over the total number of 5 9 5 complete hive visits. total number of complete hive visits. Deviations from the alternate left and right turns (e.g. two consecutive 6 0 3 right turns) appear to be a measure of how disordered the dance is. We therefore counted the correct and incorrect turns for all the dances 6 0 5 of each bee, over the total number of complete hive visits. complete exposure period per cage) and of food intake (cumulative ml of 6 1 2 food ingested per bee) were analysed using a one-way analysis of variance, GRS data was treated as nonparametric because the assumption of 6 2 3 normality was not met. Median GRSs were compared between GLY 6 2 4 concentrations using Kruskal-Wallis (K-W) ANOVA tests. trial were assayed using analyses of variance for repeated measurements ANOVA on dichotomous data (Lunney, 1970) . Where necessary, simple 6 2 9 effects were computed and Tukey tests were used to perform post hoc trained odour on its own (Test) were assayed using a G-test of homogeneity. to each bee corresponding to the total number of trials during which they ranged from zero to thirteen, was assayed using a Mann-Whitney U-test for 6 3 7 independent samples to compare overall performance levels between groups 6 3 8 (Zar, 1999) .
The percentage of conditioned responses (%PER) in successive CS+ Carlo studies have shown that it is possible to use ANOVA on dichotomous 6 4 8 data (Lunney, 1970) .
Finally, all foraging variables were analysed in the same manner. A 6 5 0 mean for the first three visits and a mean for the last three visits were 6 5 1 obtained for each bee. Means for each variable were compared using a 6 5 2
Wilcoxon matched pairs test (Zar, 1999) .
The alpha level was set to 0.05 for all analyses. We thank the CONICET, ANPCYT and the University of Buenos Aires for 6 5 7 financial support. We are grateful to H. Pizarro for her valuable contributions and to V. M. Fernandez for support with statistical analysis. We also thank H. Verna for technical assistance and the two anonymous referees for their 6 6 0 valuable comments and suggestions on an early version of this manuscript. parameters of bees at 15 days of age were tested through: A, sensitivity to 8 0 9
reward that was evaluated with a gustatory response score (GRS) test; B, an indicate the medians, whiskers include all points within 1.5 times the inter- differences between treatments in the second trial). and exposed acutely to GLY were tested through an absolute classical 8 2 4
conditioning procedure. The proboscis extension response towards the trained captured at the hive entrance and exposed acutely to GLY were tested the top right corner of each graph. n.s., no significant differences. The Journal of Experimental Biology -ACCEPTED AUTHOR MANUSCRIPT Tables   8  7  4 8 7 5 glyphosate (GLY).Caged bees were exposed to different GLY LED lights: yellow-yellow (top row) and green-green (bottom row). All to survival between harnessing and conditioning protocol. 
